)-doped mesoporous silica (Tb:MPS) particles and subsequent hybrid formation with calcium phosphate (CP) were proposed in this study. The surfactant/Tb:MPS particles with an initial doping concentration of Tb 3+ ions to (Si + Tb) of 2 mol% were synthesized by a sol-gel reaction based on the cooperative organization of tetraethoxysilane, terbium(III) chloride and cetyltrimethylammonium bromide. Subsequently, the Tb:MPS particles were hybridized with CP through precipitation to form CP/ Tb:MPS, where the formation was demonstrated by XRF and EDS analyses. The Tb:MPS showed a mesoporous structure which is typically seen in silica-surfactant mesostructured materials and the mesopores were preserved after precipitating the CP with crystalline phases. PL spectra were measured before and after the precipitation and some spectral changes were recognized. The PL spectral shapes due to the transitions of Tb 3+ ions indicated that the Tb 3+ ions were located inside the silica framework to interact with the siliceous O atoms. After the CP precipitation, the hybrid particles demonstrated higher quantum efficiency as well as longer PL life time, indicating the improved PL properties based on the CP-Tb
Introduction
Mesoporous materials have been prepared by the cooperative organization of surfactants and inorganic species; especially, the synthesis, characterization and applications of mesoporous silicas (MPSs) have been widely investigated.
1,2 The MPSs prepared by supramolecular templating methods are known to possess attractive features such as well-dened and controllable pore sizes, large surface areas, and reactive surfaces. 3, 4 The preparation of multifunctional MPSs is also a topic of interest toward a wider variety of applications. Thus, synthetic pathways for MPSs with various compositions have been explored for decades.
5-10
Among various approaches, the incorporation of heteroatoms into the silica frameworks of MPSs has received much attention. The framework structures can provide attractive features as a host organization by the charge-compensation of non-network oxygen species. 11 The lanthanide ion-doped MPSs demonstrated an improved thermal stability. 12 The doping of cerium ions was accomplished for catalytic applications. 13, 14 Europium (III) ion (Eu 3+ ) is known as an optical probe for the dopant site environment due to the luminescence properties.
11,15
We have reported the synthesis of Eu 3+ -containing MPSs which exhibited the efficient luminescence by the Eu 3+ ions coordinated in the non-bridging oxygen atoms. 16 Terbium(III) ion (Tb 3+ ) doped MPSs have also been synthesized and the presence of Tb 3+ ions in the O-Si-O frameworks were investigated in detail. 17 As a result, the obtained materials showed large specic surface areas. However, the efficient synthesis and luminescence of the Tb 3+ -doped MPSs by controlling the interactions between the doped ions and silica frameworks have not been reported. Thus, the effective control of Tb 3+ ions at the near-surfaces in the silica frameworks is worth investigating. Trivalent rare earth ions doped calcium phosphates (CPs) have been found to exhibit favorable photoluminescence properties. By a sol-gel reaction based on the cooperative organization of tetraethoxysilane, terbium(III) chloride and cationic surfactant (cetyltrimethylammonium bromide: CTAB), CTAB/ Tb:MPS particles were synthesized, and CP was precipitated on the particle surfaces. Then, the CTAB/Tb:MPS particles were calcined to resultantly obtain the mesoporous hybrid (CP/Tb:MPS). The unique interfacial interactions between CP-Tb 3+ -silica at the hybrid interfaces were examined to explain the enhanced luminescence properties.
Experimental
Preparation of Tb:MPS and CP/Tb:MPS
Tb

3+
-doped MPSs were synthesized according to our previous report. 17 All the reagents used here were special grades and were used as received without further purication. A 1.0 g (2.75 mmol) of cetyltrimethylammonium bromide (CTAB: Wako Co., Ltd.), 225 g of ultrapure water and 3.5 mL of 2.0 M sodium hydroxide (NaOH: Wako Co., Ltd.) solution were mixed and then stirred at ) was dissolved into deionized water (62.5 mL), and the CTAB/Tb:MPS was added and dispersed into the phosphate solution. The pH value of the solution was adjusted to 9 using tetramethylammonium hydroxide (TMAOH: Wako Co., Ltd.). 62.5 mL of deionized water containing CaCl 2 $2H 2 O (3.67 g) was added to the CTAB/Tb:MPS phosphate solution and vigorously stirred at the room temperature 3 h. Then, the solution was centrifuged to sediment solid product and washed with ultrapure water and ethanol. The washed product was dried at 60 C and the sample is named as CTAB/CP/Tb:MPS.
Then, CTAB/CP/Tb:MPS was calcined in a furnace under air at 550 C and the resultant sample is named as CP/Tb:MPS.
Characterization
The elemental compositions were characterized by an X-ray uorescence analysis (XRF: ZSX Primus II, Rigaku, Japan). The XRF analysis was performed using a sample pellet which was made by pressurizing sample powder without diluting it. The fundamental parameter method by the soware (EZ scan program, Rigaku) was carried out for the semi-quantitative analysis. All the measurements and data analysis were conducted with an optional soware (EZ scan program, Rigaku, Japan). Infrared spectra were recorded on a Fourier transform infrared spectrometer (FT-IR: JASCO Co., Ltd., FT/IR-4600ST).
The FT-IR spectra were measured with a KBr pellet containing a small amount of sample powder. The weight ratio between sample powder and KBr was 1 : 10. All the spectra were recorded aer subtracting a background spectrum of pristine KBr. The measurement range, sampling time and resolution were 4000-500 cm À1 , 100 and 2.0 cm À1 , respectively. X-ray diffraction (XRD) patterns were recorded with a powder X-ray diffractometer (Smart Lab, Rigaku, Japan). XRD patterns were measured under the following conditions: X-ray source of CuKa line (l: 0.15418 nm), voltage/current of 40 kV/30 mA, scan speed of 5.0 min À1 and sampling width of 0.01 . The morphologies and elemental mapping were observed using a eld emission scanning electron microscopy (FE-SEM: SU8230, Hitachi High-Technologies Co., Ltd.) equipped with an energy dispersive spectroscopy (EDS: XMax N large area silicon dri detector, Oxford Instruments).
Nitrogen adsorption and desorption isotherms were measured at 77 K on a BELSORP-mini II instrument (Microtrac/BEL Co., Ltd.). Prior to the measurement, the samples were degassed under vacuum at 393 K for 4 h. The surface area was evaluated by the Brunauer-Emmett-Teller (BET) method.
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Photoluminescence properties were evaluated by a photoluminescence spectroscopy and microscopy. The excitation and luminescence spectra were recorded on a FP-8500 spectrophotometer (JASCO Co., Ltd.) with the monitored luminescence at 544 nm and excitation wavelength at 369 nm from Xe lamp under room temperature (atmosphere: air, excitation-slit/detection-slit: 2 nm/2 nm, measure time: 0.1 s, step width: 1.0 nm, sample weight: 150 mg, shape: pellet), and the detection was used by photomultiplier tube. The uorescent microscope images were obtained using a luminescence microscope (OLYMPUS Co., Ltd., CKX41N-FL, excitation wavelength: 360-400 nm, exposure time: 100 ms, sensitivity: ISO 400) through the emission source (OLYMPUS Co., Ltd., U-RFLT50).
The internal quantum efficiency (h int ) was measured using an integrating sphere (internal diameter: 60 mm). The excitation and luminescence spectra were also recorded by the above spectrophotometer with each monitored luminescence maxima and excitation wavelength. The incident, scattering, and luminescence light intensity spectra were measured, and their integrated peak intensities were calculated and abbreviated I 0 , I 1 and I 2 , respectively. Thus, h int was calculated by the eqn (1).
The decay kinetics was also recorded by the above spectrophotometer with the same excitation and luminescence wavelength, which can be explained with an exponential function. The excitation was measured on a wavelength at 369 nm from a Xe ash lamp (150 W), and the decay of the luminescence intensity was detected on a wavelength at 544 nm. The data plot time was 0.05 ms using a successive rotation chopper. The measured decay was recorded by a numerical tting to an exponential function based on the eqn (2).
where the I(t) and I(0) are the luminescence intensity at time (t) and starting point (t ¼ 0), and the s is luminescence life time in the decay process.
Results and discussion
As shown in Table 1 , the elemental concentrations, i.e. Ca/P and Tb/(Si + Tb), were determined and calculated by the XRF results. Although most of the carbons were removed during the precipitation and washing process, some carbon was still remained even aer the calcination. It would be due to the residual CTAB. The resulting Tb/(Tb + Si) concentrations were almost the same between the samples. The resulting Tb/(Tb + Si) concentration was 1.8-2.0 times larger than those in the initial solution composition, suggesting the decrease in the Si content of the particles by the Tb added synthetic process. The Ca and P elements were seen only in the case of the CP hybrid and the Ca/P ratio was not changed aer the calcination.
In the FT-IR spectra (see Fig. S1 in ESI †), the absorption bands originated from the Si-O-Si asymmetric and symmetric stretching were observed at around 1070 and 1225 cm À1 and these spectral shapes were almost same irrespective of the doping. The characteristic bands seen at around 1480, 2854 and 2925 cm À1 can be assigned to the C-H stretching and bending of the CTAB that apparently decreased aer the calcination. The present hybrid states would suppress the complete removal of the carbon compounds, while the carbon compounds were completely removed in the case of Tb:MPS. Based on the previous reports on the FT-IR spectroscopic studies, 29, 30 in the CP/CTAB/Tb:MPS and CP/Tb:MPS, the several absorption bands appeared at around 1090-1030, 600 and 560 cm À1 are attributed to P-O stretching of phosphate groups, suggesting that the CP formation on Tb:MPS was veried. Fig. 1 shows the XRD patterns of the particles at lower and higher 2q regions. In the CTAB/Tb:MPS and Tb:MPS particles, the diffractions indexed as 100, 110 and 200 reections of a hexagonal structure were observed ( Fig. 1(a) ). With the calcination of CTAB/Tb:MPS, the shapes of each diffraction pattern were preserved while slight shi to higher angles was recognized, indicating the pore contraction by the condensation among residual silanol groups of the silica framework. The Tb-O bond length was expected to be longer than that of Si-O, resulting in the enlargement of the unit cell in the presence of Tb 3+ as compared to the bare mesoporous silicas. This was also demonstrated by the metal incorporation into the MCM-41 framework. 32 With the CP formation, the d 100 -spacing value increased and the diffraction peak shape was broadened. The CP nucleation and crystal growth at the mesopore surfaces would induce the pore dilatation.
In the higher-angle regions ( Fig. 1(b) ), the CTAB/Tb:MPS and Tb:MPS do not display any detectable diffraction that can be assigned to terbium oxide, for example. Thus, Tb 3+ ions should be incorporated into the amorphous silica networks. It was found that the Tb 3+ -doping into the silica frameworks can expand the mesopores and then rearrange the Si-O-Si networks without any crystalline impurities (e.g., terbium oxides and silicates), which would be based on the interactions with Tb phases. Here, it should also be mentioned that both Ca 2+ and Tb 3+ ions can provide a similar coordination environment and hardness, ionic radii, and geometric characteristics. Thus, the Tb 3+ ion in the silica phase would partially be incorporated into the CP phases at the precipitation process. Therefore, the interfacial reactions between the CTAB/Tb:MPS and CP occurred in the precipitation and calcination processes. To simply demonstrate the properties of CP/Tb:MPS by comparing to those of Tb:MPS, the samples aer the calcination will be discussed hereaer. Fig. 2(a) shows the N 2 adsorption and desorption isotherms of the CP/Tb:MPS and Tb:MPS particles. The shape of the isotherms for CP/Tb:MPS is categorized into type III according to the IUPAC classication, whereas that for Tb:MPS is categorized into typical type IV, suggesting the mesopore formation. As shown in Table 2 , the BET surface area (S BET ) decreased with the CP formation. The Barrett-Joyner-Halenda (BJH) pore size distributions 33 indicated the contraction of the pore diameter with the formation, although the distribution width was broadening. Thus, the mesopore entrances on the particle surfaces were encapsulated by the nucleated CP and CP crystals, which result in the decrease in the S BET . The broadening of the X-ray diffraction pattern and pore distribution suggested the presence of less ordered structure, but the mesopore structures were still retained, being also supported by the previous reports.
17,31
In order to investigate the hybrid nanostructures, we observed the TEM images shown in Fig. 2(b) . All the TEM images clearly exhibited the mesopore arrangements and the pore diameters were approximately estimated to be 1.5-4.0 nm from the images. In CP/Tb:MPS, the precipitated CP crystallites were signicantly covered on the Tb:MPS surfaces without closing the mesopores, while the silica framework exhibited the disordering of the mesopore structures (i.e., worm-like pores). Thus, these results are in agreement with those obtained by the XRD and N 2 adsorption/desorption measurements.
In the FE-SEM images (Fig. 3(a) and (c) ), the CP/Tb:MPS exhibited irregular shapes with the smaller particles, whereas the Tb:MPS had the spherical shapes, indicating that the CP precipitation on the silica frameworks induced the morphological changes with collapsing the shapes. In the EDS mapping images (Fig. 3(b) and (d) ), the CP/Tb:MPS particle shapes corresponded with the Ca, P, Si and O mapping areas and the Si intensity was relatively week, indicating the CP precipitation on the silica surfaces. In contrast, no detectable Ca and P elements was observed in the case of the Tb:MPS particles. Therefore, the Tb:MPS particles were successfully hybridized with the CP phases. Fig. 4 (a) and (b) show the excitation and photoluminescence spectra. These spectral shapes are almost same irrespective of the CP formation. Thus, no reection of the electronic transitions of Tb 3+ indicates the same local O atom environments in the silica host matrix. The excitation spectra exhibited the peaks associated with 4f-4f transitions of Tb 3+ ion (Fig. 4(a) ). The features are mainly assigned to the excitations based on the 5 L J (J ¼ 10, 9, 7) levels from the ground state of Tb 3+ ion. 34, 35 The luminescence intensity under the excitation at 369 nm by the 4f-4f transition from 5 L 10 level to the ground state is relatively stronger in the observed peaks. The luminescence spectra showed the narrow peaks assigned to the f-f transitions of the Tb 3+ ions (Fig. 4(b) ). The luminescence transitions are assigned to those from 5 D 4 / 7 F J (J ¼ 6, 5, 4, 3) 36 as usual for Tb 3+ luminescence, being centered at 490, 544, 587 and 623 nm, respectively. The green luminescence is seen in the microscope image (Fig. 4 (inset) ), and the color is also observed in the other Tb 3+ -doped systems (e.g.,
). By the CP hybrid, the luminescence peaks due to 5 D 3 / 7 F J (J ¼ 4, 5) were enhanced (Fig. 4(b) ) and the apparent luminescence intensities increased (Fig. 4 (inset) ).
In fact, as shown in Table 2 , the h int signicantly increased with the CP formation, although the residual carbon compounds of CTAB would affect the luminescence properties.
To understand the luminescence relaxation, the decay kinetics of the excited states was investigated as shown in Fig. 4(c) and Table 2 . The decay kinetics was tted with an exponential function. The CP precipitation extended s, even though only the silica framework exhibited the longer s of the Tb 3+ as compared with the previous report. 34 The interact with the water molecules. Therefore, it is suggested that the Tb 3+ ions homogeneously diffused inside the non-crystalline silica frameworks, and would be stabilized by the chargecompensation of the non-network oxygen species (e.g., Si-O À ).
The near-surface Tb 3+ ions easily interact with the hydroxyl groups of the adsorbed water molecules or silanol groups. The presence of high energy stretching vibrations of the hydroxyl groups causes the luminescence quenching by a non-radiative decay mechanism. In this study, the interfacial design through the encapsulation by CP induced the unique luminescence properties. This nding provides a merit in the use of the interfacial design between the CP-Tb 3+ -silica hybrid states for the activity of lanthanide ions. Here, the ionic radius of Tb 3+ (1.04Å) is larger than that of Si 4+ (0.41 A) and same as Ca 2+ (1.14Å). In the present case, the near-surface Tb 3+ ions in the silica phases were partially incorporated into the CP phases. Such an incorporation could be explained by the sector zoning model in minerals. 38, 39 Therefore, the silica frameworks and subsequent encapsulation of CP induced the preferred interfacial interactions between the CP-Tb 3+ -silica for the unique luminesce properties. Aer achieving the efficient luminescent properties by the further investigation, the hybrids will be utilized as bio-imaging materials based on the biocompatibility of CP.
Conclusions
The preparation of Tb 3+ -doped MPS particles and subsequent hybrid formation with CP were investigated. The CP was precipitated on the CTAB/Tb:MPS particles which were synthesized by a sol-gel reaction of tetraethoxysilane in the presence of terbium(III) chloride and CTAB. The CTAB containing hybrid was converted to mesoporous solid by the calcination and the mesopores were preserved even aer precipitating the CP with crystalline phases. The formation of the present CP/Tb:MPS hybrid particles were conrmed by XRF and EDS analyses. PL spectra were also measured before and aer the CP precipitation and some spectral changes were recognized. The PL spectral shapes due to the transitions of Tb 3+ ions indicated that the Tb 3+ ions were located inside the silica frameworks, interacting with the siliceous O atoms. Aer the CP precipitation, the hybrid particles demonstrated higher quantum efficiency as well as longer PL life time, suggesting the improved PL properties based on the CP-Tb 3+ -silica hybrid states. This nding will be utilized for the encapsulation techniques of the porous silica including lanthanide ions and can be applicable to optical devices.
